Background: Previous surgical crown lengthening studies have investigated positional changes of the free gingival margin but not the biological width. Histological studies utilizing animal models have shown that postoperative crestal resorption allowed reestablishment of the biological width. However, very little work has been done in humans. Therefore, the purpose of this study was to evaluate the positional changes of the periodontal tissues, particularly the biological width, following surgical crown lengthening in human subjects.
T he preservation of a healthy periodontium is critical for the long-term success of a restored tooth. Dentists must constantly balance the restorative and esthetic needs of their patients with periodontal health. Supragingival placement of restorative margins allows for ease of impression making, cleansing, 1 detection of secondary caries, and is associated with maintainable probing depths 1, 2 and healthy soft tissue. [2] [3] [4] [5] [6] [7] However, in cases of extensive caries, tooth fracture, dentinal hypersensitivity, inadequate crown length, and increased esthetic demands, restorative margins need to be placed at or apical to the gingival margin. Subgingival restorations can have damaging effects on the neighboring hard and soft tissues, especially when they encroach on the junctional epithelium and supracrestal connective tissue. 4 These subgingivally placed restorations have been associated with gingival inflammation, 2-7 loss of connective tissue attachment, and bone resorption. [8] [9] [10] Crown lengthening involves the surgical removal of hard and soft periodontal tissues to gain supracrestal tooth length, allowing for longer clinical crowns [11] [12] [13] [14] and reestablishment of the biological width. [15] [16] [17] The concept of the biological width stems from a histologic description of the dentogingival complex by Gargiulo et al. 18 Considerable variation in the magnitude or length of this complex was reported; however, the mean sulcus depth was 0.69 mm, epithelial attachment was 0.97 mm, and connective tissue was 1.07 mm. Therefore, the total length of the dentogingival complex was 2.73 mm. Based on these dimensions, several authors 10, 19, 20 suggested that 3 mm of supracrestal tooth structure be obtained during surgical crown lengthening. However, Rosenberg et al. 14 combined epithelial and connective tissue attachment of 2 mm with 1 to 2 mm for the restorative finish line, resulting in a recommendation of 3.5 to 4.0 mm. In addition, Wagenberg et al. 21 suggested that at least 5.00 to 5.25 mm of tooth structure should be above the osseous crest. However, setting fixed measurements on the biological width disregards its variability from tooth to tooth and from surface to surface around the same tooth. 9, 19, 22 Previously reported clinical studies on surgical crown lengthening have followed positional changes of the free gingival margin immediately after surgery and during healing but have not focused on the biological width. 15, 23, 24 A few histological studies utilizing animal models have shown postoperative crestal resorption after denudation, 16 and scaling and root planing 17 allowed the reestablishment of connective tissue attachment. However, very little work has been done to confirm these results in human clinical trials. Therefore, the purpose of this study was to evaluate the positional changes of the periodontal tissues, particularly the biological width, following surgical crown lengthening in human subjects over a 6-month healing period.
MATERIALS AND METHODS
The university committee governing the use of human subjects in clinical studies approved the study protocol. Patients received a description of the study and provided written informed consent. Twenty-three periodontally healthy patients aged 28 to 72 (mean age 39 years) required surgical crown lengthening to 1) gain retention in sites with insufficient supracrestal tooth structure necessary for prosthetic treatment, and/or 2) access caries, tooth fracture, or previous prosthetic margins. Review of medical and dental histories and intraoral examination demonstrated no systemic or local contraindications to surgical treatment. Prior to surgery, patients had their teeth professionally cleaned and received oral hygiene instructions.
A full-arch acrylic stent was fabricated for each patient, and vertical grooves were created at appropriate interproximal sites to standardize probe placement and angulation. All measurements were obtained with a standardized UNC-15 periodontal probe and rounded up to the nearest millimeter. The following clinical parameters were obtained at 4 sites (mesiobuccal, mesio-lingual, disto-buccal, disto-lingual) around each tooth requiring crown lengthening (treated sites) and on the adjacent tooth or teeth with adjacent and non-adjacent sites ( Fig. 1 ):
• Plaque index (PI) according to Silness and Löe. 25 • Gingival index (GI) according to Löe and Silness. 26 • The reference stent to the free gingival margin.
• The reference stent to the base of the pocket described as the attachment level.
• The probing depth was calculated by subtracting the measurements of the free gingival margin from the attachment level.
• After the experimental area was anesthetized, the bone level was obtained via transgingival probing from the reference stent. The exact sequence of measurements and calculations is shown in Table 1 . All measurements were taken by one examiner (SKL).
Sequence of Measurements and Calculations
Immediately prior to surgery, all measurements were determined in the sequence outlined above. The magnitude of the biological width was added to the amount of supracrestal tooth structure needed for placement of the prosthetic margin. 22 The level of the osseous crest was lowered based on this amount using a combination of rotary and hand instruments. The original bone width was maintained at all sites after ostectomy. For adjacent teeth, osseous resection was in keeping with positive architecture. 27 Osseous resection was performed by one examiner (SKL).
An inverse beveled incision and full-thickness mucogingival flap reflection were performed. Osseous resection was performed as described above. The soft tissue flaps were positioned at the bony crest and sutured. Patients were prescribed a non-steroidal anti-inflammatory analgesic and instructed to rinse with 0.12% chlorhexidine gluconate ¶ twice daily for 2 weeks. Sutures were removed 10 to 14 days after surgery. At this time, patients had their teeth professionally cleaned, then continued with their maintenance program every 3 months. Prosthetic treatment resumed no earlier than 6 weeks after surgery. Patients were anesthetized at the 3-and 6-month examination, and measurements were obtained and calculated as presented in Table 1 .
Statistical Analysis
Means were obtained for each type of site by patient to evaluate differences in non-adjacent, adjacent, and treated sites from baseline to 3 and 6 months. Using these means as the response variables, repeated measures analysis of variance (ANOVA) was used to determine whether there was an overall effect. Tukey's test for multiple comparisons was used to determine which sites had greater changes.
RESULTS
Eighteen patients completed this study, and no complications related to the surgery or prosthetic treatment were observed. Ninety-eight percent of treated teeth were restored with a fixed prosthesis by the study's end.
Plaque and Gingival Indexes
During this study, there were no significant changes in PI or GI at non-adjacent, adjacent, or treated sites. The mean PI and GI ranged between 0.41 to 0.62 and 0.34 to 0.73, respectively.
Free Gingival Margin
The mean distances from the reference stent to the free gingival margin at baseline and at 3 and 6 months for non-adjacent, adjacent, and treated sites are presented in Table 2 . At all sites, there was a difference in the apical displacement of the free gingival margin from baseline to 3 and 6 months (P <0.0001) ( Table 3) . At 3 months, this displacement at non-adjacent, adjacent, and treated sites was 2.46 ± 0.25 mm, 2.68 ± 0.20 mm, and 3.07 ± 0.16 mm, respectively. At 6 months, the displacement of the free gingival margin for non-adjacent, adjacent, and treated sites was 2.78 ± 0.28 mm, 2.82 ± 0.24 mm, and 3.33 ± 0.15 mm, respectively. There was no significant change in the position of the free gingival margin from 3 to 6 months. The location of the free gingival margin for treated sites was, on average, 0.61 mm more apical compared to non-adjacent sites at 3 months (P <0.05) ( Table 3) . At 6 months, the free gingival margin for treated sites was, on average, 0.55 mm and 0.51 mm more apical compared to non-adjacent and adjacent sites, respectively (P <0.05) ( 
Attachment Level
The mean distances from the reference stent to the base of the sulcus at baseline and at 3 and 6 months for non-adjacent, adjacent, and treated sites are presented in Table 2 . From baseline to 3 and 6 months, there was an apical shift in the base of the sulcus at all sites (P <0.0001) ( Table 3) . At 3 months, the loss of attachment for non-adjacent, adjacent, and treated sites was 2.88 ± 1.98 mm, 3.07 ± 0.96 mm, and 3.75 ± 0.85 mm, respectively. At 6 months, the loss of attachment for non-adjacent, adjacent, and treated sites was 2.71 ± 0.96 mm, 2.92 ± 0.92 mm, and 3.57 ± 0.70 mm, respectively. There was no significant change in attachment level at all sites from 3 to 6 months. The attachment loss for treated sites compared to nonadjacent and adjacent sites was greater at 3 and 6 months (P <0.05) ( Table 3) .
Probing Depth
The mean probing depths at baseline and at 3 and 6 months for non-adjacent, adjacent, and treated sites are presented in Table 2 . At all sites, the probing depths from baseline to 3 months increased and then decreased by 6 months; these changes did not reach significance. There was no significant difference in mean probing depths at any site between baseline, 3, and 6 months ( Table 3) . At 3 months, the mean probing depth for treated sites was 3.17 ± 0.74 mm (Table 2) ; this was greater compared to non-adjacent and adjacent sites (P < 0.05) ( Table 3) .
Bone Level
The mean distances from the reference stent to the bone level at baseline and prior to flap reflection for non-adjacent, adjacent, and treated sites were 9.49 ± 1.33 mm, 9.58 ± 1.37 mm, and 9.33 ± 1.72 mm, respectively (Table 2 ). There was no difference between bone level measurements taken before and after flap reflection ( Table 4 ). The distribution of bone removed during surgical crown lengthening is presented in Table 5 . Overall, the amount of bone resected ranged from 1 to 5 mm. At 21% of non-adjacent sites, 39% of adjacent sites, and 90% of treated sites, ≥3 mm of bone was removed. The change in direct bone level before and after osseous resection at non-adjacent, adjacent, and treated sites was 1.58 mm, 1.84 mm, and 2.68 mm, respectively ( Table 4 ). The mean difference in the direct bone level immediately after osseous resection and bone level at the 3-month examination for non-adjacent, adjacent, and treated sites was 0.87 mm, 0.69 mm, and 0.77 mm, respectively ( Table 4) . The mean distances from the reference stent to the bone level at baseline and at 3 and 6 months for nonadjacent, adjacent, and treated sites are presented in Table 3 . At all sites, the apical shift in bone level was different from baseline to 3 and 6 months (P <0.0001). At non-adjacent, adjacent, and treated sites, the change in bone level at 3 months was 2.45 ± 0.86 mm, 2.53 ± 0.78 mm, and 3.44 ± 0.58 mm, respectively (Table 3) . At non-adjacent, adjacent, and treated sites, the change in bone level at 6 months was 2.47 ± 0.88 mm, 2.54 ± 0.76 mm, and 3.50 ± 0.59 mm, respectively. There was no change in the bone level at any site from 3 to 6 months. At 3 and 6 months, the bone level at treated sites was at a more apical position compared to non-adjacent and adjacent sites (P <0.05) ( Table 3) .
Biological Width
The mean vertical dimension of the biological widths at baseline and at 3 and 6 months for non-adjacent, adjacent, and treated sites is presented in Table 3 . The biological width at all sites was smaller at 3 and 6 months compared to baseline (P <0.05) except for treated sites, which were not significantly different from baseline at 6 months (Table 3) . At non-adjacent, adjacent, and treated sites, the change in biological width at 3m onths was 0.42 ± 0.07 mm, 0.29 ± 0.09 mm, and 0.31 ± 0.12 mm, respectively (Table 3) . At nonadjacent, adjacent, and treated sites, the change in biological width at 6 months was -0.23 ± 0.06 mm, -0.15 ± 0.07 mm, and -0.07 ± 0.09 mm, respectively.
DISCUSSION
This human clinical investigation demonstrated a 3 mm gain of coronal tooth structure after ostectomy and apically positioned flap surgery, and stability of the free gingival margin between 3 and 6 months. At treated sites, there was no difference in the mean apical displacement of the free gingival margin at 3 and 6 months. There was a significant difference in the apical position of the free gingival margin at treated sites compared to non-adjacent sites at 3 months and adjacent and non-adjacent sites at 6 months. This could be attributed to the surgical technique. The amount of bone resected at treated sites was based on the location of the intended prosthetic margin and the original length of the biological width. 22 Overall, the amount of bone resected ranged between 1 to 5 mm; and at 90% of treated sites, 39% of adjacent sites, and 22% of nonadjacent sites, ≥3 mm of bone was removed. The magnitude of bone resected in this study is greater than in previous reports and may have contributed to the stability of the free gingival margin. Bragger et al. 23 reported a 1 to 3 mm coronal shift of the free gingival margin at 33% of sites between 6 weeks and 6 months following surgical crown lengthening, and bone resection of ≥3 mm at only 4% of sites. Pontoriero and Carnevale 24 also observed a coronal shift in the free gingival margin of 3.2 mm at interproximal sites and 2.9 mm at buccal/lingual sites between 1 and 12 months. The mean amount of osseous resection was 0.9 mm for interproximal sites and 1.0 mm for buccal/lingual sites. Bone resection was ≥2 mm in only 8% of sites. Lindhe and Nyman 28,29 assessed the position of the free gingival margin in periodontal patients undergoing surgical elimination of pockets deeper than 4 mm where bone contouring was indicated due to the presence of vertical osseous defects and crater formation. Two months after surgical treatment, the free gingival margin was apically displaced by 2.5 mm. Furthermore, the position of the free gingival margin remained relatively stable throughout the 10 to 11 years of maintenance, advancing coronally by only 0.6 to 1.1 mm.
At the majority of sites in our study, the biological width after surgical crown lengthening was significantly smaller compared to baseline. The change in biological width ranged between 0.07 and 0.42 mm. These findings are consistent with previous studies. Oakley et al. 17 reported that the mean reduction in supracrestal tissue (defined as the distance from the bone level to the free gingival margin) was 0.7 mm in maxillary sites and 0.1 mm in mandibular sites compared to controls 12 weeks after surgery. Caton and Nyman 30 reported a reduced distance from the free gingival margin to the apical extent of the junctional epithelium 12 months following osseous surgery. A notable trend in our study was that the biological width at all sites from 3 to 6 months increased (i.e., approached baseline measurements). This is attributed to a slight gain in attachment level and apical displacement of the bone level. Oakley et al. 17 and Carnevale et al. 16 reported that bone resorption following surgical crown lengthening provides supracrestal tooth structure for the attachment of connective tissue, leading to reestablishment of the biological width. At treated sites, the biological width at 3 months was significantly different compared to baseline; however, at 6 months, there was no significant difference compared to baseline. In other words, the original vertical dimension of the biological width was reestablished at treated sites 6 months following surgical crown lengthening. This may be due to the surgical technique since greater amounts of bone were resected at treated sites compared to adjacent and non-adjacent sites, creating more supracrestal tooth structure.
An anticipated loss of attachment and bone height was recorded 3 months following surgical crown lengthening. The changes in bone level immediately after osseous surgery and at the 3-month examination are consistent with changes seen in functional repair of bone. Pennel et al. 31 and Donnenfeld et al. 32 reported a mean reduction of 0.5 and 1.0 mm in crestal bone height following osseous surgery and a 6-month healing period, respectively. Wilderman et al. 33 observed an average reduction in bone height of 0.8 mm following bone repair after osseous resective surgery in 23 human subjects. The authors reported that osteoblastic activity reached its peak between the third and fourth week following osseous resective surgery. In addition, soft tissue repair including the reestablishment of attached epithelium and connective tissue began at 1 week postoperatively and reached functional maturity between 6 and 9 months after surgery. In our present study, attachment levels and bone levels remained stable between the 3-and 6-month examination.
The probing depths at all sites after surgery were not significantly different from baseline, and this is consistent with other reports on surgical crown lengthening. 25, 26 The probing depth at the 3-month examination for treated sites was significantly greater than adjacent and non-adjacent sites, measuring approximately 3 mm. At the 3-month examination, most treated teeth were still undergoing prosthetic treatment. Manipulation of adjacent soft tissue and provisional restorations could have led to this observation. 34, 35 Throughout this study, there were no significant changes in PI or GI at any site.
The literature is inconsistent as to the advantage of manual versus controlled-force probes in terms of improving intraexaminer reproducibility [36] [37] [38] and repeatability of linear measurements. 36, 37 In our study, a manual probe offered greater practicality in obtaining measurements, particularly bone level via transgingival probing, and therefore was the chosen method for obtaining all clinical parameters over time. In addition, measurements were obtained by only one examiner (SKL) with a standardized periodontal probe utilizing reference stents. Reference stents control for probe placement and angulation, thus providing reproducible measuring sites. 39 Badersten et al. 40 and Clark et al. 41 support the use of reference stents since they improve intraexaminer reliability and reproducibility of measurements compared to measurements taken from the cemento-enamel junction.
In this study, the position of the free gingival margin, attachment, and bone levels remained stable between 3 and 6 months. However, others have found positional changes of the periodontal tissues during this time period 16, 23, 33 and up to 12 months. 24 Therefore, in regards to determining the appropriate time for definitive margin placement, the authors recommend the following: 1) Clinicians should closely monitor the healing of the periodontium in order to assess the maturation and stability of these tissues, particularly the free gingival margin. It may be that when the amount of osseous resection is based on the anticipated prosthetic finish line and the original length of the biological width, the definitive margin could be constructed 3 months following surgical crown lengthening even in esthetic areas. 2) Before this can be recommended, however, further clinical trials are needed to confirm our results and observe the positional changes of the periodontium beyond 6 months.
In conclusion, during surgical crown lengthening, the bone level was lowered to allow for placement of the prosthetic margin and reestablishment of the biological width. The biological width, at treated sites, was reestablished to its original vertical dimension by 6 months. In addition, a consistent 3 mm gain of coronal tooth structure was observed at the 3-and 6-month examinations.
